Surface-enhanced Raman spectroscopy (SERS) enables multiplex detection of analytes using simple, portable equipment consisting of a single excitation source and detector. Thus, in theory, SERS is ideally suited to replace fluorescence in assays that screen for numerous deoxyribonucleic acid (DNA) targets, but in practice, SERS-based assays have suffered from complexity and elaborate processing steps. Here, we report an assay in which a simple inkjetfabricated plasmonic paper device enables SERS-based detection of multiple DNA targets within a single polymerase chain reaction (PCR). In prior work, we demonstrated the principles of chromatographic separation and SERS-based detection on inkjet-fabricated plasmonic paper. The present work extends that capability for post-PCR gene sequence detection. In this design, hydrolysis DNA probes with 5 0 Raman labels are utilized; if the target is present, the probe is hydrolyzed during PCR, freeing the reporter. After applying the PCR sample to a paper SERS device, an on-device chromatographic separation and concentration is conducted to discriminate between hydrolyzed and intact probes. SERS is then used to detect the reporter released by the hydrolyzed probes. This simple separation and detection on paper eliminates the need for complex sample processing steps. In this work, we simultaneously detect the methicillin-resistant Staphylococcus aureus genes mecA and femB to illustrate the concept. We envision that this approach could contribute to the development of multiplex DNA diagnostic tests enabling screening for several target sequences within a single reaction, which is necessary for cases in which sample volume and resources are limited.
INTRODUCTION
Rapid identification of infectious diseases is critical for improving patient quality of care, reducing healthcare costs, and speeding recovery. Cultures are commonly used; however, they are slow and provide limited information. Molecular diagnostics enable accurate and rapid detection, 1 providing results in hours instead of days. Detection is commonly performed using polymerase chain reaction (PCR), which relies on the primerdirected exponential amplification of target deoxyribonucleic acid (DNA) sequences. 2 It is well recognized that, for an accurate diagnosis, the detection of multiple genes is required, especially in the case of suspected drug resistance. In a sophisticated and centralized clinical setting, this can be accomplished by running multiple PCRs, each aiming to identify a respective gene to form a complete diagnosis. However, to move toward a point-of-care model, it may be necessary to identify the presence of multiple genes in a single reaction due to limited resources and limited sample volume.
In principle, multiple targets within a single reaction can be screened using quantitative PCR (qPCR) in combination with hydrolysis probes, utilizing the 5 0 to 3 0 exonuclease activity of the Taq DNA polymerase. 3 Hydrolysis probes (i.e., TaqMan probes) use identifying fluorophore labels to indicate the amplification of targets within a single reaction. These hydrolysis probes rely on a 5 0 fluorophore and a 3 0 quencher; when the probe is hydrolyzed during primer extension (indicating the presence of the target), the fluorophore is released and ceases to be quenched. While this technique is widely used, fluorescence has broad excitation and emission wavelengths and requires separate filters for each fluorophore, typically limiting assays to one or two targets per reaction.
Surface-enhanced Raman spectroscopy (SERS) is an alternative transduction mechanism that leverages the highly specific and narrowband vibrational scattering features of Raman spectroscopy along with the optical enhancement provided by localized plasmonic resonances of metal nanostructures. Using a single excitation source and detector, SERS provides easily identifiable spectral bands which are unique to each molecule and serve as a molecular fingerprint for a target. While Raman is a relatively weak effect, SERS utilizes the optical and chemical enhancements of noble metal nanostructures to boost the Raman signal by many orders of magnitude, 4 enabling label-free detection of low concentrations of small molecules. While SERS allows for label-free detection of many small molecules, for large molecules composed of repeating subunits, such as DNA, it is more common to use a labeled assay. [5] [6] [7] The labels, often fluorophores or other strong Raman scatterers, provide distinct and unique spectral bands otherwise difficult to achieve for this class of molecules. When utilizing a strong scatterer as a Raman label in a labeled assay, SERS can achieve the sensitivity of fluorescence 8, 9 with increased potential for multiplexing density due to the narrowband spectral features of Raman. 6, 10 A further optimization of the fluorescent-labeled SERS assay is to utilize an excitation wavelength that is matched with the optical absorption of the Raman labels. 7, [11] [12] [13] This technique, referred to as surface-enhanced resonance Raman spectroscopy (SERRS), leads to a further improved detection limit for biomacromolecules (or other labeled targets).
Previous reports have exploited the narrow and unique bands provided by SERS to perform multiplex detection of DNA in combination with PCR; [14] [15] [16] [17] however, these assays tend to suffer from a variety of drawbacks. Many exhibit a negative signal response in which a decreasing signal is indicative of target detection, increasing the likelihood of false positives. Others tend to exhibit poor signal contrast and/or complex probe design and processing steps.
Here, we report an assay in which SERS detection is leveraged to increase multiplexing capability. In addition, the chromatographic properties of paper are used to simplify the discrimination of Raman labels. We have recently demonstrated the fabrication of low-cost paper SERS devices by inkjet printing 18, 19 and the use of such devices for on-device sample cleanup and chromatographic separation. 20 These inkjet-printed paper SERS devices offer a low-cost yet highly sensitive alternative to nano-and microfabricated substrates, with the additional benefit of enabling chromatographic separation within the substrate itself.
In this work, paper SERS devices are combined with PCR and single-labeled hydrolysis probes to perform multiplex DNA detection. As hydrolysis probe assays are a mainstream tool and have been well characterized, 21, 22 the large body of existing work can be leveraged to improve the ease of adapting this assay to new targets. In this assay, the probes have a 5 0 Raman reporter and bind to a complementary target DNA sequence, which is bracketed by primers ( Fig. 1a ). During extension of the target sequence, the Taq DNA polymerase will encounter this probe, and due to the 5 0 to 3 0 exonuclease activity of the Taq polymerase, it will degrade the probe, releasing the Raman reporter.
Following PCR, paper SERS devices double as separation matrices to enable discrimination between whole and hydrolyzed probes (where hydrolyzed probes indicate the presence of the target sequence in the sample). First, the PCR sample is applied to one end of a paper chromatograph, opposite from the end that has been printed with a SERS-active region ( Fig. 1b ). After allowing the device to dry, it is dipped into a sample vial containing the mobile phase (60% ethanol) in which the released Raman reporter is soluble, but the intact nucleic acid probe is not ( Fig. 1c ). A simultaneous separation (within the sample vial) and concentration (above the lid) then occurs, driven by the evaporation of the mobile phase from the top of the dipstick. Thus, if the target sequence is present, the Raman reporter is released during PCR amplification and subsequently carried up the dipstick where it can be detected within the plasmonically functionalized region at the top using SERS (Fig. 1d ). If the target sequence is not present, the nucleic acid probe remains intact, and the attached Raman reporter cannot move up the dipstick; no Raman reporter will be detected when performing a SERS measurement. Importantly, due to the narrowband nature of Raman, multiple targets can be detected simultaneously, offering a solution for multiplex DNA detection using a single excitation source and detector.
To illustrate the multiplexing potential of the PCR-SERS dipstick assay, we simultaneously detected two genes that convey drug resistance in methicillin-resistant Staphylococcus aureus (MRSA). Methicillin-resistant Staphylococcus aureus is one of the top causes of difficult to treat healthcare-associated infections (HAIs), 23 resulting in close to 100 000 invasive infections per year in the United States. 24 By detecting the presence of two genes, mecA and femB, MRSA can be distinguished from other staphylococci with a high degree of certainty, 25, 26 enabling appropriate treatment and improved prognosis. While we chose MRSA as the illustrative application, there are scores of diagnostic tests that benefit from simultaneously screening for multiple targets. As the core principles of this technique are consistent with conventional PCR assays, this assay could be rapidly adapted to enable screening for any targets of interest using a single reaction and a simple paper-based SERS detection.
EXPERIMENTAL
Polymerase Chain Reaction Procedures. Custom DNA primers and probes (sequences in Table I) were obtained from Integrated DNA Technologies (Coralville, IA). Taq DNA polymerase with ThermoPol buffer, pUC19, dNTPs, and the restriction enzyme SspI were obtained from New England Biolabs (NEB, Ipswich, MA). The pUC19 was linearized with SspI according to the NEB protocol (with a 5 times excess of enzyme). Genomic DNA from MRSA strain TCH70 was obtained from BEI Resources (Manassas, VA). For pUC19 experiments, thermocycling was conducted using a 10 s melt step at 95 8C, a 15 s annealing step at 68 8C and a 30 s extension step at 72 8C. Cycling was repeated a total of 30 times and was followed by a final extension for 5 min at 72 8C.
For MRSA experiments, thermocycling was conducted using a 30 s melt step at 95 8C, a 15 s annealing step at 61.6 8C and a 15 s extension step at 68 8C. Cycling was repeated a total of 30 times. Polymerase chain reaction amplification was carried out in 13 ThermoPol buffer (20 mM Tris-HCl at pH 8.8, 10 mM (NH 4 ) 2 SO 4 , 10 mM KCl, 2 mM MgSO 4 , 0.1% Triton X-100) with 200 lM dNTPs and 200 nM of primers and probes added. For the pUC19 reactions, 10 10 copies of template DNA were used, while for the MRSA reactions, 10 4 copies were used. In all cases, correct PCR product was verified by melt curve analysis and gel electrophoresis.
As the TCH70 strain of MRSA contains both the mecA and femB genes, a slight modification to these procedures was made to allow for simulation of single gene detection within a multiplex assay. In all experiments, both MRSA probes were added to the reaction; however, for the single gene experiments, the primers corresponding to one of the genes were omitted.
Chromatographic Separation. In order to validate and optimize the chromatographic separation component of this assay, a way to visualize the movement of labeled probes versus free Raman labels (hydrolyzed probes) was needed. For this purpose, a second pUC19 probe (same sequence) was obtained with a 5 0 TEX 615 label to enable fluorescence imaging following chromatography. Polymerase chain reactions were conducted using this probe, and entire PCRs (20 lL) were then applied to the bottom of 8 3 58 mm chromatography strips made from Whatman Grade 2 paper (as shown in Fig. 2a ) and allowed to dry. The entire strip was suspended in a sealed jar such that the bottom 3 mm of the strip was immersed in the mobile phase. The chromatography strip was allowed to run for 15 min (solvent reaching approximately 43 mm) before being removed and dried for evaluation.
Following separation, overlapping fluorescence images were collected using an Olympus IX51 microscope and manually aligned. These images were then analyzed using Image-J (National Institutes of Health) by averaging the fluorescence laterally (across the width of the chromatography strips, left to right in Fig. 2a ) to produce plots of fluorescence intensity as a function of distance traveled vertically. Data is plotted in terms of the retardation factor R F , which is defined here as the ratio of distance traveled by the sample to the distance traveled by the solvent (with the position of the maximum fluorescence of the applied sample defined as R F = 0 and the maximum extent of the solvent as R F = 1).
To compute the integrated intensity, first a background subtraction was conducted for each sample by subtracting the average intensity of the upper end of the chromatography strip (above R F = 1). Then a simple numerical integration was performed from R F = 0.3 to R F = 1.0.
Silver Nanoparticle Ink Synthesis. The silver colloid was synthesized using the simple reduction reaction method of Lee and Meisel. 27 Silver nitrate, sodium citrate and dextran (average MW 150 000) were obtained from Sigma-Aldrich (St. Louis, MO). Briefly, 72 mg of silver nitrate was added to 400 mL of DI water (18.2 MX) and brought to a rapid boil in a 500 mL Erlenmeyer flask. While stirring quickly (such that the vortex reaches the bottom of the flask), 80 mg of sodium citrate in 1 mL of water was added. The color slowly changed to a greenbrown color. After 10 min, the solution was removed and allowed to cool to room temperature. Scanning electron microscopy images indicate a typical particle diameter of 100 nm.
The silver ink was formed by first concentrating the silver colloid 1003 through centrifugation at 3 000 g. Then 5 mg/mL dextran in water was added to the concentrated colloid at a 1:1 ratio.
Surface-Enhanced Raman Spectroscopy Substrate Printing. Printing was performed as previously described. 19, 20 After injecting the ink into refillable ink cartridges from Alpha D Development Inc. (Lakeland, FL), a consumer piezo-based inkjet printer (Epson GGA TTA GCA GAG CGA GGT ATG TAG  pUC19 Rev. b  GGT TTG TTT GCC GGA TCA AGA G  158 bp  pUC19 Probe  TGG TAT CTG CGC TCT GCT GAA GCC AGT  CR6G  mecA Fwd.  CAA ACT ACG GTA ACA TTG ATC GC  mecA Rev.  GCT TTG GTC TTT CTG CAT TCC  116 bp  mecA Probe  AGA AGA TGG TAT GTG GAA GTT AGA TTG GGA  CR6G  femB Fwd. GCT CGA TGT ATC ATA CTC AGT TGT femB Rev.
AGA TAT CGT GCC ATT TGA AGG T 109 bp femB Probe AGC CAT GAT GCT CGT AAC CAT GTG A TAMRA a Fwd. = forward. b Rev. = reverse.
Workforce 30) was used to print onto untreated filter paper (Whatman Grade 2). To increase the nanoparticle concentration in the substrate, the printing was repeated five times. Dipstick Separation and Concentration. For fluorescence validation of the chromatography and lateral flow concentration, 8 3 27 mm dipsticks were used (Fig. 2b) . The bottom 3 mm of the dipstick was dipped in 60% ethanol in a vapor saturated vial while the top 3 mm of the dipstick was allowed to emerge from the vial through a slit in the lid. This not only promotes a chromatographic separation within the sample vial, but also allows for an evaporation-driven concentration of Raman reporters near the top of the paper strip, where the sensing region would be located. Similar dipsticks, this time with printed silver regions at the top, were used for the SERS experiments (Fig. 2c) .
Surface-Enhanced Raman Spectroscopy Measurements and Analysis. Surface-enhanced Raman spectroscopy measurements were performed using a 532 nm laser (0.6 mW) for excitation. This wavelength overlaps with the optical absorption of the Raman labels used in this report, enabling a resonance SERS enhancement. A Horiba Jobin Yvon LabRam ARAMIS Raman microscope was used for detection. Measurements were rastered over a 200 3 200 lm region by the system twice per integration period. An integration time of 1 s with five averages was used for all measurements. Immediately before measuring, 2 lL of 2.5% HCl was applied by pipette to the center of the printed region to protonate the Raman reporter and promote interaction with the nanoparticles (representative spectra are available in the Supplemental Material, Figs. S1-S4). Using an automated stage, measurements were taken in two rows of three equally spaced locations. The combination of rastering, averaging, and imaging multiple locations substantially reduces the signal variability due to the uneven nature of chromatographic separation and concentration; for each of the five positive pUC19 dipsticks shown here, the relative standard deviation jr/lj of the 1510 cm À1 peak height (one of the common peaks used for identification) ranges from 15 to 29%. For quantification of the singleplex data (using pUC19 as a model target), the magnitude (in photon counts per second) of the 1510 cm À1 peak was computed by taking the difference between the magnitude of the peak and the nearest local minimum. For display, each dipstick's six spectra were averaged together, and a linear fit was subtracted (to reduce the contribution of fluorescence). A five-point fast Fourier transform smoothing filter was applied before plotting.
RESULTS AND DISCUSSION
Experimental Selection of the Chromatography Mobile Phase. The PCR probes employed for this assay have a 5 0 Raman reporter and a 3 0 phosphate to prevent extension of the probe. As the primers are extended, the Taq polymerase will encounter and hydrolyze the probe (Fig. 1) . This results in the Raman reporter being released from the probe along with a few residual bases. 3 As a result of this less-than-perfect hydrolysis, the parameters of the separation are critical. The percentage of ethanol (in water) used as the mobile phase was adjusted for optimal signal contrast between the negative and positive PCR samples. Chromatography was performed comparing positive (pUC19 present in reaction) and negative (no pUC19) PCR samples. To investigate the chromatographic separation, fluorescence microscopy and bare (no plasmonic nanoparticles) paper was employed. Chromatographs for three different concentrations of ethanol were collected and analyzed by conducting a background-subtracted integration of the fluorescence intensity above the applied sample droplet as shown in Fig. 3 (raw chromatographs are available in Supplemental Material). As can be seen, both released Raman reporters and intact probes were similarly mobile in 50% ethanol. Both 60% and 70% ethanol significantly reduce the signal for the negative samples, and it can be seen that 60% ethanol offers the best contrast between the positive and negative samples. In all cases, it can be noted that much of the sample is retained at the location of sample application, likely indicating a combination of only moderately mobile samples and incomplete hydrolyzation in the positive cases.
To further improve signal contrast between the positive and negative samples, a simultaneous separation (below the vial lid) and concentration (above) is used, in which a continual evaporation-driven deposition of Raman reporters occurs above the lid. The resulting chromatographs for three different dipstick running times are shown in Fig. 4 . An essentially zero fluorescence is observed for the negative samples, while increasing fluorescence is observed with increasing time for the positive samples, demonstrating the effectiveness of the combined separation and concentration.
Surface-Enhanced Raman Spectroscopy Detection of the Polymerase Chain Reaction. Having established the ability of a chromatography dipstick to both discriminate and concentrate reporters, we then investigated the use of SERS to detect Raman reporters from PCR samples. As in the chromatography experiments, the full 20 lL post-PCR sample is applied to the bottom of the dipstick and allowed to dry. After running the dipstick for 20 min, acid is added to protonate the Raman reporter, and the SERS signal is immediately measured. Representative traces for 10 dipsticks using pUC19 as a model target (5 positives and 5 negatives) are shown in Fig.  5a . 28 Three prominent peaks of CR6G, which are commonly used for identification and quantification, are indicated with asterisks (1310, 1360, and 1510 cm À1 ). Averaging the spectra obtained at six different locations within the dipstick enables us to obtain relatively consistent signal magnitudes for both the positive and negative dipsticks, as shown in Fig. 5b , allowing for clear and reliable differentiation between positive and negative results.
Duplex Detection of Methicillin-Resistant Staphylococcus aureus Genes. To demonstrate the feasibility of this technique as a multiplex diagnostic tool, we then applied this technique to the detection of the MRSA genes mecA and femB, two genes responsible for MRSA's antibiotic resistance. Four different scenarios were investigated: samples containing 10 4 copies of MRSA (about 30 pg), samples containing only mecA or femB (simulated by omitting a primer set), and samples with no target DNA at all. Three PCRs followed by SERS dipsticks were performed for each of these cases, for a total of 12 experiments. Representative traces of each of these possibilities are shown in Fig. 6a . The characteristic peaks that were used for identification of the mecA Raman reporter CR6G and the femB Raman reporter TAMRA are indicated with asterisks and triangles, respectively. These spectra can be compared to reference spectra of the two dyes deposited directly on printed silver (Supplemental Material). While the similarity of the spectra for these labels could hinder reliable multiplex detection, selection of labels with more distinct Raman spectra would easily overcome this issue. The ability to consistently obtain results enabling clear plot of 1510 cm À1 peak heights (difference between the magnitude of the 1510 cm À1 peak and the nearest local minimum) for these 10 spectra demonstrating the contrast obtained between negative and positive results.
identification of all targets present in a sample is suggested by the three duplex results in Fig. 6b . Control experiments were conducted in which the PCRs were directly pipetted onto the silver region of the dipsticks: for each case (negative, single gene, duplex), the spectra obtained matched the duplex result (Supplemental Material), indicating that the discrimination seen in Fig. 6a is indeed due to the chromatographic properties of the paper substrate.
CONCLUSION
A plethora of research results exist which demonstrate the power of SERS as a highly multiplexible detection modality; however, the current methodologies for DNA detection require complex and expensive procedures. We have demonstrated the feasibility of a simple paperbased SERS assay to clearly and consistently discriminate between DNA targets in multiplex PCRs. By leveraging the unique chromatographic properties of the paper SERS substrates for discrimination, we eliminate the need for the user to perform complex sample processing steps that are usually required before SERS measurement. Fluorescence techniques have similar sensitivity to SERS; however, the broadband nature of fluorescence severely limits the number of simultaneous targets that can be detected in a fluorescence assay, and multiplex detection of even a few targets results in rapidly increasing equipment complexity. Surface-enhanced Raman spectroscopy offers highly multiplex detection using only a single excitation source and detector, making it well suited to point-of-care applications where it may be necessary to identify the presence of multiple genes in a single reaction due to limited resources and sample volume. In future work, we anticipate increasing the multiplexing density. Highly dense multiplex analysis of SERS data is possible through the application of multivariate regression analysis techniques such as PCR and partial least square. 29 We envision that, in combination with a lowcost thermocycler and a commercially available portable 532 nm spectrometer, this approach could contribute to the development of DNA diagnostic tests enabling screening for a large number of targets within a single reaction.
